Wi nd energy genera ti on ha s a ttra cted grea t i nteres ts i n recent yea rs . Doubl y-fed i nducti on genera tor (DFIG) for wi nd turbi nes (WTs ) a re l a rgel y depl oyed, beca us e va ri a bl e-s peed WTs ha ve ma ny a dva nta ges over fi xed -s peed genera ti on s uch a s i ncrea s ed energy ca pture, opera ti on a t ma xi mum power poi nt, i mproved effi ci ency a nd power qua l i ty. Thi s pa per pres ents the opera ti on a nd vector control of a DFIG s ys tem , where the s ta tor i s connected di rectl y to a s ti ff gri d a nd the rotor i s connected to the gri d through bi di recti ona l ba ck -to-ba ck AC-DC-AC converter. The ba s i c opera ti ona l cha ra cteri s ti cs , ma thema ti ca l model of the a erodyna mi c s ys tem a nd vector control techni que , whi ch i s us ed to obta i n decoupl ed control of powers , a re i nves ti ga ted us i ng the s oftwa re Ma tl a b/Si mul i nk.
Introduction
Wind energy is a renewable source of electricity which is exploited by converting the kinetic energy of moving air into electricity. Doubly-fed induction generators (DFIG) are the most commonly used wind turbine (WT) technology because turbine speed can be adjusted as a function of wind speed in order to maximise the output power (Fletcher & Yang) . It is an attractive and popular option for large WTs (multi-MW). One of the main advantages of adjustable speed generators is improving the system efficiency compared with fixed speed generators . The DFIG WT control system generally consists of two parts: the electrical control on the DFIG and the mechanical control on the WT blade pitch angle. Control of the DFIG is achieved by controlling the variable frequency converter, which includes control of the rotor-side converter (RSC) and control of the grid-side converter (GSC). The objective of the RSC is to govern both the stator-side active and reactive powers independently; while the objective of the GSC is to keep the DC-link voltage constant regardless of the magnitude and direction of the rotor power. The GSC control scheme can also be designed to regulate the reactive power or the stator terminal voltage of the DFIG. The RSC control scheme should be designed in order to regulate the WT speed for maximum wind power capture. Therefore, a suitably designed speed controller is essential to track the optimal WT reference speed for maximum wind power extraction (Barambones, Gonzalez & De la Sen, 2012) . Variable speed operation of WT is necessary to increase power generation efficiency, so this system requires a suitable speed controller in order to track the optimal reference speed of the WT in order to maximise the output power (Bedoud, Lakel, Ali-Rachedi, Lekhchine & Bahi, 2013; Mechter, Kemih & Ghanes, 2013) .
In this paper, after modelling the DFIG and choosing the appropriate d-q reference frame, the rotor is supplied by an inverter on two levels controlled by pulse width modulation (PWM) technique. The active and reactive powers are controlled using proportional-integral (PI) controllers.
System Description
The variable-speed WTs consist of stator windings connected directly to the grid and wound rotor windings connected to a power converter. Variable speed generator permits maximum energy capture from a WT. The generator rotor speed is controlled to operate within a variable speed range centred around the generator synchronous speed (Figure 1) (Acakpovi & Hagen, 2014; Mary, Mathew & Sreejith, 2010) . 
Doubly-fed Induction Generator Modelling
The dynamic equation of a three-phase DFIG can be written in a synchronously rotating d-q reference frame as: S., Benalia, N. & Zerzouri, N. (2018) . Modelling and power control of grid connected wind energy system. Global Journal of Computer Sciences: Theory and Research. 8(1), [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] 17
Basic Concepts of wind Turbine
The aerodynamic model of a WT can be characterised by the well-known C p = f(λ − β) curves. C p is the power coefficient, which is a function of both tip speed ratio λ and the blade pitch angle β. The tip speed ratio λ is defined by:
Where R is the blade length in meter, t  is the WT rotational speed in rad/second, and v is the wind speed in m/s. The power coefficient C p gives the fraction of the kinetic energy that is converted into mechanical energy by the WT (Manyonge, Ochieng, Onyango & Shichikha, 2012) .
Mechanical power which is extracted is given by: S., Benalia, N. & Zerzouri, N. (2018) . Modelling and power control of grid connected wind energy system. Global Journal of Computer Sciences: Theory and Research. 8(1), [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] 18 ) and A is the rotor rotational area m 2 . Figure 2 shows the C p = f(λ − β) curves for some β values. It can be seen that as β increases, C p decreases; thus, reducing the power produced by the WT.
Mechanical torque T m is the ratio of mechanical power to turbine speed as given by:
The mechanical behaviour of the WT is as follows:
With:
T is the torque applied to the DFIG rotor; em T is the electromagnetic torque developed by the DFIG. J is the total inertia coefficient, f is the friction coefficient.
The gear box is modelled by a simple gain G, so: 
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In the maximum power point tracking (MPPT) operation mode without speed controller, the rotor speed of the WT can be adjusted to achieve an optimal tip speed ratio λ opt , which yields the maximum power coefficient C pmax , and therefore the maximum power. The value of the λ opt can be calculated from the maximum of the power coefficient curves versus tip speed ratio.
From Eq. (9), mechanical reference speed is obtained by:
DFIG Vector Control
WT always operates with different dynamics from minimum wind speed to maximum wind speed. Three wind speeds and two operation modes are possible. Their definitions are as given below (Dingguo & Zhixin, 2007; Kendouli, Nabti, Abed & Benalla, 2011) :
The cut-in speed is the minimum wind speed at which the WT will generate usable power. The rated speed is the minimum wind speed at which the WT will generate its designated rated power. At very high wind speeds, most WTs are shut down for protection purposes. It's the cut out speed.
Vector Control Strategy
In order to achieve a decoupled control of active and reactive powers, stator flux oriented vector control scheme is used. In this case, the frequency and amplitude of the stator for grid voltage is assumed constant (stable grid). The strong coupling between the fluxes and currents makes controlling of the DFIG particularly difficult. So, vector control also called oriented flux control is used. The d-q reference frame is linked to the rotating field. The stator flux is oriented along the daxis.
The above assumptions lead to the following:
Using the vector control, the active and reactive powers of the DFIG can be expressed as follows: Ali, N. B. S., Benalia, N. & Zerzouri, N. (2018) . Modelling and power control of grid connected wind energy system. Global Journal of Computer Sciences: Theory and Research. 8(1), [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] 20
Rotor Side Converter Control
The control principle of the RSC allows the control of active and reactive powers and the extraction of maximum wind power. The power control loops generate the reference values of the d-and q-axes rotor currents for the current control loops (Figure 3 ).
Each control loop has a cascaded structure: a fast inner current control loop, controlling the rotor current I dqr combined with an outer slower control loop for active and reactive powers, respectively. An MPPTprovides the reference signal P Grid , ref for the active power, while the reactive power Q Grid,ref is generally set to 0. The slower power control loop has as an output the reference rotor current signal I dq,Rotor,ref , which is further used by the fast inner current control loop. Finally , two control signals for the rotor voltage vector v dr and v qr are generated, which are sent to the PWM-controlled power converter (Gail, Hansen & Hartkopf) . 
Simulation Results
Simulation studies are carried out in Matlab/Simulink. The simulation parameters of the DFIG WT are given in Table 1 of the Appendix A. Our aim is to make the stator active and reactive power control track its reference variations. The studied system has been tested for a step change of active reference power and reactive reference power as shown in Figure 4 
Conclusion
This paper analysed the mathematical model of DFIG and vector control strategy based on the stator flux orientation, established a dual-loop PI control that can realise the active and reactive powers decoupled control by adjustment of d, q components of rotor current, respectively. The MPPT under speed control mode and power control mode is discussed. The simulation results show the dual-loop vector control strategy of double-fed wind power generation system is correct and effective, and the power control mode is more suitable for practical app lication for its better stability than the speed control mode.
Nomenclature
DFIG WT parameters and list of symbols are: Ali, N. B. S., Benalia, N. & Zerzouri, N. (2018) . Modelling and power control of grid connected wind energy system. 
